Apparent viscosity, h a , and first normal stress coefficient, y 1 , of six different concentrations of cross-linked waxy maize (CWM), 3.5-5 % w/w, and tapioca, 2.8-4 % w/w, starch dispersions (SDs) showed power law relationships with shear rate, g · , and increased with starch concentration. In both h a and y 1 , volume fraction of the granules, f, played a more important role than the amylose content of the continuous phase. Slope of h a -g · curves increased mildly with starch concentration, while slope of y 1 -g · curves was almost the same for CWM at all concentrations and 4 % tapioca SDs. Values of h a and y 1 predicted from dynamic rheological and apparent viscosity data based on the Goddard-Miller model were in reasonable agreement with experimental values.
INTRODUCTION
Starch is widely used in the food industry as a thickening agent. It is mainly composed of two polymers: amylose and amylopectin, which exist together in the form of granules. Starch granules hydrate only slightly in cold water but when the starch-water mixture is heated above the gelatinization temperature, the granules absorb large amounts of water, swelling to several times their initial size and leaching out some amylose into the solution. Upon cooling the starch dis-persion (SD) forms a strong or weak gel, depending on the type of starch and its concentration.
Gelatinized SDs can be considered to be composites of swollen granules embedded in a continuous amylose network. The complex rheological behavior of a SD depends on the characteristics of the continuous and the dispersed phases, as well as the interactions between them [1 -5] . Viscosity of SDs is strongly influenced by swelling of starch granules, which in turn depends on the starch variety and source [6 -8] .
In contrast, amylose solutions are low-viscosity Newtonian fluids [9] . It has been demonstrated that solubilized amylose forms a weak gel that was an order of magnitude weaker than the starch gel and gelatinized starch granules made an important contribution to shear modulus of starch gel [10] .
Cross-linked waxy maize (CWM) is a modified high amylopectin starch, almost free of amylose, in which the granules are strengthened by chemical bonds minimizing their swelling and rupture. Heated CWM SDs have exhibited shear thinning antithixotropic behavior [5, 8] but shear thickening behavior has been found [11] in SDs heated at temperatures > 120˚C.
On the other hand, tapioca is a tuber starch containing about 20 % amylose with high swelling granules. Depending on the concentration and pasting procedure, heated tapioca SDs exhibited shear thinning or shear thickening, and thixotropic behavior [9] and also mild antithixotropic behavior [5] .
For both CWM and Tapioca SDs, addition of amylose to the continuous phase resulted in a slight increase in their viscosity but did not affect either the antithixotropic or the thixotropic behavior, which seem to depend on the characteristics of the dispersed phase [5] .
Relationships between the rheological parameters determined from oscillatory and continuous shear tests are of interest to predict one from another for food processing and egnineering applications, especially when it is possible to obtain only one set of rheological data easily [12, 13] . First normal stresses contribute to die swell during extrusion and can affect mixing of foods the latter due to the Weissenberg effect. It would be desirable to predict values of first normal stress differences of viscoelastic foods using shear stress-shear rate and dynamic rheological data because the latter are relatively easy to obtain.
When applicable, the Cox-Merz rule (Eq. 1) is useful for calculating apparent viscosity, h a , from complex viscosity, h*, and vice versa:
where w is the angular frequency and g · is the shear rate. Based on the Goddard-Miller model,
Bird et al. [14] derived a relationship (Eq. 2) between the apparent viscosity, h a , and the dynamic viscosity, h' = G''/w, where G'' is the viscous modulus and C is a constant = 1:
(2) CWM and tapioca SDs have also exhibited viscoelastic behavior [5, 8] . One property of viscoelastic materials is their ability to develop normal stresses due to the elastic nature. In a steady-shear cone-and-plate experiment normal stresses thrust the plate downwards [15] and may be characterized by the first normal stress difference, N 1 , and the first normal stress coefficient, y 1 :
In Eq. 3 the term s 11 -s 22 is the first normal stress difference.
Compared to dynamic rheological properties there are relatively few studies on normal stress functions of foods probably because of the difficulties in obtaining reliable data [12] . In starch systems, normal stresses, N 1 , have been found in low moisture (25% and 35%) corn meal doughs [16] and in 5.0% CWM SDs [13] . However, they have not been reported in tapioca SDs.
Bird et al. [14] also derived relationships to predict from dynamic rheological (Eq. 4) and apparent viscosity (Eq. 5) data:
In Eq. 4, h'' = G'/w is the dynamic rigidity and G' the elastic modulus. We note here that Youn and Rao [13] did not use Eq. 4 but used another relationship of Bird et al. [14] to predict y 1 (w) that is applicable to oscillatory shear fields. In Eq. 5, g · is an assumed shear rate at which h a (g · ) is calculated, g · ' is the dummy variable for integration, and K is an empirical factor that was found to be ψ γ π η γ η γ γ γ γ
ln ' ln . 1 2 2 for polymer solutions and 3 for polymer melts [14, 17] . The main objectives of this study were to: 1) determine the influence of starch concentration, shear rate, dispersed starch granules and dissolved amylose on y 1 and h a , and 2) compare values of y 1 and h a predicted by Eqs. 2, 4, and 5 with experimental data. [5] . Within these ranges of concentrations and the pasting conditions the gels obtained were pourable fluids that can be classified as weak gels [5] .
METHODS AND MATERIALS 2.1 SAMPLE PREPARATION

VOLUME FRACTION
The volume fraction of granules, f, in each sample was calculated by multiplying the starch concentration, c, by the swelling factor, Q, defined as the mass ratio of hydrated starch over dry starch. Values of Q were determined by the Blue Dextran exclusion method [4, 18, 19] as described by Genovese and Rao [5] .
CONTINUOUS SHEAR AND DYNAMIC RHEOLOGICAL EXPERIMENTS
All rheological measurements were performed with an AR-1000N® controlled-stress rheometer (TA Instruments, New Castle, DE) using a cone and plate (CP) geometry (6 cm diameter acrylic cone, 2°, 69 mm minimum gap) at 20°C in triplicate and were averaged for further analysis. After a sample was loaded it was allowed to rest for 2 min prior to rheological measurements. Gelatinized starch granules are irregular in shape and prone to rupture due to their fragility. Therefore, it is not easy to determine their exact sizes and size distribution. To determine reliability of rheological data obtained with the cone-plate (CP) geometry in which the gap varied between 69 and 1000 mm experiments were also conducted using a 6 cm dia aluminum parallel plates (PP) with 500 mm gap on the dispersions: 3.5 and 5 % CWM, and 2.8 and 4 % tapioca.
Values of dynamic rheological parameters obtained with the two geometries were nearly the same with CP values slightly higher than the PP values. In contrast, values of the CP shear rate-shear stress were moderately lower than the PP values. With respect to first normal stress versus shear rate data, the CP values were moderately higher and free of scatter. However, the PP data showed considerable scatter and negative values at low shear rates. In all cases, differences between experimental values with the two geometries were within the limits of experimental error and replicated curves with the two geometries often overlapped.
While the shear field in the CP geometry (cone angle 2°) is uniform that in the PP is not uniform. To determine whether correction for shear rate variation in the PP gap is a factor, continuous shear and dynamic rheological data were obtained on a biopolymer (0.5 % w/w xanthan gum) solution using the CP geometry and the PP geometry with gaps of 500, 1000, and 1500 mm. The data revealed that differences in values between the two geometries were of the same magnitude as those due to the different gaps of the PP geometry. Based on these observations and since it provides uniform shear field experiments were conducted with the cone-plate geometry.
Flow tests were performed by applying shear rate as a continuous-ramp in the range 0.1 -500 s -1 to the gelatinized SDs. Shear rate versus shear stress and normal stress data were obtained. The shearing time was 10 min each for the ascending and descending shear cycles referred as the "up" and "down" curves, respectively. Measured normal stresses were converted to y 1 using Eq. 3. For estimation of y 1 using Eq. 5, the power law model (Eq. 6) was used to describe the down shear rate -shear stress data, as suggested by Abdel-Khalik et al. [20] :
where, s is the shear stress, g · is the shear rate, k is the consistency coefficient, and n is the flow
Volume 13 · Issue 4 behavior index. Values of k and n of the starch dispersions are given in Table 1 . Eighteen values of shear rate, in the range 10 to 500 s -1 , were used to calculate y 1 with Eq. 5. Small-amplitude oscillatory (dynamic) rheological experiments were performed in two steps. First, strain sweeps (at 6.28 and 12.56 rad/s) were carried out to determine the linear viscoelastic range (LVR), which was found to be within 3 % strain for all the samples. Next, frequency sweep tests were carried out in the LVR with an initial frequency of 0.63 rad/s. The final frequency was determined as the point where the elastic modulus reached its plateau value which was dependent on the starch variety and concentration [5] . The values of G'(w) and G''(w) obtained in frequency sweeps were used in Eqs. 1, 2, and 4.
INTERCHANGE OF THE CONTINUOUS PHASES
To determine the relative influence of the continuous and dispersed phases on normal stress the procedure of Genovese and Rao [5] was used to switch the continuous phase (serum) of two SDs that had similar volume fraction of granules (f~ 0.64): a) 4.25 % w/w CWM, and b) 3 % w/w tapioca. Each SD was weighed, centrifuged for 5 min at 10000 g, and the supernatant removed and weighed. Then the supernatant of each SD was added to the sediment of the other SD, in the same weight proportion as in the original sample, and both phases were gently mixed in the rotating flask of a Rotavapor (Büchi 011, Switzerland) for 1 hour.
RESULTS AND DISCUSION
APPARENT VISCOSITY: CONCENTRATION AND SHEAR RATE DEPENDENCE
As expected, apparent viscosity, h a , of both CWM and tapioca SDs increased with concentration ( Fig. 1) . Power law parameters of the shear rate versus shear stress data are given in Table 1 . The shear rate dependence of h a given by (n -1): The slope of the h a -g · curves in the log-log plot became more negative with increasing concentrations in both CWM (from -0.42 to -0.5) and tapioca (from -0.43 to -0.47) SDs. Statistical analysis indicated that the change of slope with concentration is highly significant with p = 0.0005 for CWM and p = 0.01 for Tapioca.
The effects of particle deformability should be particularly noticeable at high volume fractions where particle-particle interactions become important [18] . Since the SDs were heated in excess water, the granules within each SD should have similar deformability. Therefore, the more pronounced reduction of apparent viscosity with shear rate when granules are more crowded seems to be due to an increased number of particle-particle interactions during shearing. The nature of the granule-granule interactions is still not clear: Evans and Haisman [1] suggested entanglement between surface molecules of adjacent granules while Eliasson [2] proposed direct contact between granules. Adding more CWM granules, by increasing starch concentration, resulted in an increase in shear stresses imposed on the system [8] . In the SDs studied in this work also the increased number of particle-particle interactions increased the shear stresses of the sample.
In Fig.1 , at the same weight concentration, e.g. 4 %, the apparent viscosity of CWM SD is higher than tapioca's. This difference can be quantified also by comparing values of the consistency coefficient, k, in Table 1 : 13.6 Pas n for CWM versus 4.2 Pas n for tapioca. More importantly, at approximately the same volume fraction, f~ 0.64, of granules for 4.25 % CWM and 3 % tapioca, h a of the CWM SD was higher than that of tapioca SD (Fig.1 ). This was in spite of the . higher amylose content in tapioca that is expected to produce a moderate increase in the viscosity of the SD [5] . CWM starch granules are expected to be more rigid than tapioca granules because cross-linking inhibits their swelling during gelatinization, and minimizes granule rupture during shearing [5, 7, 21, 22] . Therefore, at the same f, the higher h a of CWM cannot be attributed to the continuous phase, but to the higher rigidity of its granules, as has been observed in other concentrated SDs [3, 7, 18, 23] .
APPARENT VISCOSITY: EXPERIMENTAL AND PREDICTED VALUES USING EQUATION 2
Experimental apparent viscosity up (h a up ) and down (h a down ) curves of the SDs were compared to complex viscosity, h*, and apparent viscosity predicted by Bird's Eq. 2 (h a-B ). For CWM at 5 % ( Fig. 2a ) and 3.5 % (Fig. 2b) , the h a down curve was completely above h a-B ; it was asymptotic at low shear rates and crossed over h* at high g · c = w c values. Those values were lower for SDs of lower starch concentration. Not surprisingly, h a up was in very good agreement with h a-B , especially at low starch concentrations where both curves matched over the entire range of shear rates. This can be attributed to the fact that unlike h a down when measuring h a up the sample has not been sheared extensively as it was also the case with the sample used to calculate h a-B from dynamic data. For tapioca at 4 % ( Fig. 3a ) and 2.8 % (Fig.  3b ) the h a down curve was below both h* and h a-B at low shear rates. The cross-overfor h a-B was observed at g · c = w c~ 50 rad/s and h* at a high value of w. Again, values of h a up were in good agreement with h a-B especially at low shear rates.
FIRST NORMAL STRESS COEFFICIENT: CON-CENTRATION AND SHEAR RATE DEPENDENCE
While performing flow tests, normal stresses were detected in CWM SDs of all concentrations studied and in tapioca only at the three highest concentrations (3.5, 3.8 and 4 % w/w). Double logarithmic plots of first normal stress coefficients, y 1, versus shear rates from down curves resulted in quasi-linear plots (Fig. 4) as observed earlier in other food systems [13, 24] . The values of y 1 increased with starch concentration. The shear rate dependence of y 1 in terms of the slope of each curve was almost the same for all the six concentrations of CWM SD, 4 % tapioca SD, and the sample of CWM granules mixed with tapioca serum. The average value of the slopes was -1.73 ± 0.05. This suggests that, in that range of concentrations, the number of starch granules did not have a significant effect on the variation of y 1 with g · . The 3.8 and 3.5 % tapioca SDs did not follow this general behavior and the data showed more scatter probably because of the weak stresses that were generated. At the same concentration (4, 3.75 -3.8 and 3.5 %) values of y 1 of CWM SD were moderately higher than that of tapioca SDs at low shear rates but the differences were negligible at high shear rates. At f~ 0.71, values of y 1 of a CWM SD of about 5 % (f~ 0.73) were much higher than those of a tapioca 3.5 % w/w SD. Moreover, the 3 % tapioca SD did not exhibit normal stresses although it had the same f as the 4.25 % CWM SD. It means that normal stresses do not depend only on either volume fraction of starch granules or starch concentration but also on the nature of the granules.
To determine the role of the continuous phase on y 1 , the swollen granules isolated from a 4.25 % CWM SD were mixed with the amyloserich serum extracted from a 3 % tapioca SD. In Fig.  4 , values of y 1 of the hybrid SD are compared with those of the original 4.25 % CWM SD. The presence of amylose in the continuous phase produced a moderate increase in y 1 at low shear rates but the difference was small at high shear rates. As expected, the hybrid SD of tapioca granules in CWM serum did not show normal stresses as also observed in the original 3 % tapioca SD. Thus, the dispersed phase has a greater influence on the normal stresses of SDs than the continuous phase. Since normal forces are strongly related to the elastic component of viscoelastic mate-rials as previously mentioned it is likely that in SDs the normal forces may be associated with the elastic modulus of the granules [5, 23] .
FIRST NORMAL STRESS COEFFICIENT: EXPERIMENTAL AND PREDICTED VALUES
Values of y 1-dyn predicted by Eq. 4 from dynamic data and y 1-ha predicted by Eq. 5 from h a with K = 1, 2 and 3 were calculated for all CWM SDs and the 4 % tapioca SD. Those SDs had similar log (shear rate) versus log (first normal stress coefficient) slopes. The predicted and experimental y 1 values for the 5 and 3.5% CWM SDs are shown in Figs. 5a and 5b , respectively. Experimental values of y 1 were completely below y 1-dyn with both curves being asymptotic at high shear rates. In order to obtain good fit between experimental y 1 and y 1-ha the applicable value of K in Eq. 5 depended on the CWM starch concentration: For 5 and 4.5 % the best value of K was between 2 and 3, for 4.25 and 4 % K was 2, and for 3.75 and 3.5 % K was between 1 and 2. For tapioca 4 % w/w (Fig.  6) , the experimental y 1 curve agreed very well with y 1-dyn and y 1-ha with K = 3. Figure 4 (left) : First normal stress coefficient, y 1 , -shear rate, g · , down curves for cross-linked waxy maize (CWM) and tapioca starch dispersions (SDs) at different weight concentrations and CWM granules in tapioca serum. Figure 5 : First normal stress coefficient from flow test down curve (fnsc), first normal stress coefficient predicted with Eq. 4 (dyn), and first normal stress coefficient predicted with Eq. 5 using different values of the empirical factor K (K = 1, K = 2, K = 3) for cross-linked waxy maize (CWM) at a) (right ab0ve) 5 % and b) (right below) 3.5 % w/w.
CONCLUSIONS
Viscosity was strongly influenced by the volume fraction of the granules, while the continuous phase played a secondary role. At the same volume fraction of granules, the viscosity of the SD increased with the rigidity of the starch granule. Decrease in apparent viscosity with shear rate was more pronounced when granules were more close -packed, probably due to increase in the number of particle-particle interactions. Experimental values of apparent viscosity were between those of complex viscosity and apparent viscosity predicted from dynamic rheological data using Eq. 2.
Normal stresses were detected in CWM (3.5 -5 % w/w) and tapioca (3.5 -4 % w/w): an increase with concentration is observed. Double logarithmic plots showed a linear decrease of first normal stress coefficient with shear rate with almost the same slope for all the SDs except 3.5 % and 3.8 % tapioca. Amylose content in the continuous phase moderately increased the first normal stress coefficient but results indicated that the dispersed phase is more important. Experimental values of first normal stress coefficient were between those predicted from dynamic rheological data (Eq. 4), and from apparent viscosity -shear rate data (Eq. 5) but were also dependent on the empirical factor K. . Figure 6 : First normal stress coefficient from flow test down curve (fnsc), first normal stress coefficient predicted with Eq. 4 (dyn), and first normal stress coefficient predicted with Eq. 5 using different values of the empirical factor K (K = 1, K = 2, K = 3) for tapioca at 4 % w/w.
